AFRL-AFOSR-UK-TR-201 6-001 3 


Austrian  Mirrors:  Development  of  ultra-low-loss  cryogenic  crystalline  coatings  (DARPA) 


Garrett  Cole 

Crystalline  Mirror  Solutions  GmbH 


07/13/2016 
Final  Report 


DISTRIBUTION  A:  Distribution  approved  for  public  release. 


Air  Force  Research  Laboratory 
AF  Office  Of  Scientific  Research  (AFOSR)/  IOE 
Arlington,  Virginia  22203 
Air  Force  Materiel  Command 


FORM  SF  298 


Page  1  of  1 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMBNo.  0704-0188 


The  public  reporting  burden  for  this  collection  of  informafion  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  fhis 
collection  of  information,  including  suggestions  for  reducing  fhe  burden,  fo  Department  of  Defense,  Executive  Services,  Directorate  (0704-0188).  Respondents  should  be  aware  that 
notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control 
number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ORGANIZATION. 


1.  REPORT  DATE  (DD-MM-YYYY) 
13-07-2016 


2.  REPORT  TYPE 

Final 


3.  DATES  COVERED  (From  -  To) 
30  Sep  2014  to  29  Sep  2015 


4.  TITLE  AND  SUBTITLE 

Austrian  Mirrors:  Development  of  ultra-low-loss  cryogenic  crystalline  coatings  (DARPA) 


5a.  CONTRACT  NUMBER 

FA9550- 1 4-C-0030 


5b.  GRANT  NUMBER 


5c.  PROGRAM  ELEMENT  NUMBER 

61102F 


6.  AUTHOR(S) 

Garrett  Cole 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Crystalline  Mirror  Solutions  GmbH 
Strudlhofgasse  4 
Wien,  1090  AT 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

EOARD 
Unit  4515 

APO  AE  09421-4515 


10.  SPONSOR/MONITOR  S  ACRONYM(S) 

AFRL/AFOSR  IOE 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

AFRL-AFOSR-UK-TR-201 6-001 3 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

A  DISTRIBUTION  UNLIMITED:  PB  Public  Release 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 

Final  mirrors  delivered  to  NIST  and  DARPA 


15.  SUBJECT  TERMS 

fused  silica  to  cryogenic-compatible  AIGaAs-on-Si,  high-reflectivity  crystalline  multilayers  for  cryo,  fiber-optic  communications,  AIGaAs  scatter: 
absorption:  and  transmission  loss,  EOARD 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF 

PAGES 

GONGLEWSKI,  JOHN 

Unclassified 

Uncldssified 

Unclassified 

SAR 

6 

19b.  TELEPHONE  NUMBER  (Include  area  code) 
011-44-1895-616007 

Standard  Form  298  (Rev.  8/98) 
Prescribed  by  ANSI  Std.  Z39.18 


https  ://livelink .  ebs .  afrl .  af.  mil/live  link/llis  api .  dll 


10/19/2016 


FA9550-14-C-0030,  Status  Report  2 

Title:  Development  of  ultra- low-loss  cryogenic  crystalline  coatings 

Focus  Area:  Narrow-linewidth  cavity  stabilized  laser  systems 

Lead:  Crystalline  Mirror  Solutions  GmbH  (organization  type:  other  small  business) 


PI:  Garrett  Cole,  PhD 

Co-Founder  and  CTO,  Crystalline  Mirror  Solutions  GmbH  &  LLC 
Seestadtstr.  27,  TOP  1.05  //  1 14  E  Haley  St„  Suite  N 
A-1220  Vienna,  Austria  //  Santa  Barbara,  CA  93101 
phone:  +43  650  323  3240  //  805-284-4156 
email:  g.cole@crystallinemirrors.com 

External  Collaboration  Partners: 

Professor  Jun  Ye 

Fellow,  National  Institute  of  Standards  and  Technology,  U.S.  Dept,  of  Commerce 
Fellow  of  JILA  and  Professor  Adjoint,  JILA  and  Dept,  of  Physics,  University  of  Colorado,  Boulder, 
Colorado  80309-0440 
phone: +1  303  735  3171 
fax:  +1  303  492  5235 
email:  ye@jila.colorado.edu 

Dr.  Mark  Notcutt 
Co-Founder,  Stable  Laser  Systems 
5733  Central  Ave 
Boulder,  CO  80301-2848  USA 
phone:  +1  303  570  1806  (mobile) 
phone:  +1  303  542  0427  (lab) 
fax:  +1  303  542  0428 
email:  mark@stablelasers.com 

DARPA  US  Program  Manager: 

Dr.  Prem  Kumar 
Program  Manager 
Defense  Sciences  Office 
3701  North  Fairfax  Drive 
Arlington,  Virginia  22203  USA 
phone:  +1  571  218  4399 
mobile:  +1  703  347  2069 
email:  prem.kumar@darpa.mil 


International  Program  Manager: 

Dr  John  Gonglewski,  DR-IV  (GS-15) 

Inf  1  Prog.  Manager  for  Lasers,  Photonics, 
Microwaves 

Air  Force  Office  of  Scientific  Research 
European  Office  of  Aerospace  R&D 
London,  UK 

office:  44-(0)  1895-6 16007 
cell:  +44  (0)  7427-661-672 
email:  john.gonglewski@us.af.mil 


Total  funds  requested:  $79,410.00 
Report  Submission  Date:  May  18,  2015 


DISTRIBUTION  A.  Approved  for  public  release:  distribution  unlimited. 


This  status  report  is  submitted  as  our  deliverable  for  the  second  performance  period  spanning 
November  30,  2014  through  April  29,  2015  ( item  0001 AB). 


Update  1.  Demonstration  of  crystalline  coatings  with  enhanced  optical  performance 

During  the  second  period  of  our  seedling  effort,  Crystalline  Mirror  Solutions  (CMS)  has  realized 
significant  improvements  in  the  limiting  optical  loss  of  mirrors  manufactured  with  our  substrate- 
transferred  crystalline  coating  process.  Through  the  iterative  optimization  of  our  micro¬ 
fabrication  procedure,  we  can  now  reliably  produce  mirrors  with  scatter  and  absorption  values 
below  5  ppm.  These  results  represent  a  major  enhancement  in  optical  quality  and  enable 
crystalline  coatings  with  loss  levels  on  par  with  those  found  in  state-of-the-art  ion-beam 
sputtered  (IBS)  mirrors.  This  work  represents  the  culmination  of  nearly  two  years  of  work,  with 
a  significant  scientific  effort  undertaken  to  improve  the  optical  performance  of  these  novel 
coatings  through  optimization  of  both  the  crystal  growth  and  substrate-transfer  processes. 

As  introduced  in  our  proposal,  coating  Brownian  noise,  driven  by  excess  mechanical  dissipation 
in  high-reflectivity  IBS-derived  films,  imposes  a  severe  limit  on  the  performance  of  state-of-the- 
art  precision  measurement  systems,  such  as  cavity-stabilized  lasers  for  optical  atomic  clocks  and 
interferometric  gravitational  wave  detectors  [1].  As  a  consequence,  a  concerted  effort  has  been 
focused  on  the  identification  of  optical  coatings  capable  of  simultaneously  achieving  high 
reflectivity  and  minimal  mechanical  dissipation.  Building  upon  advances  in  semiconductor 
microfabrication,  we  have  developed  a  process  to  integrate  low-loss  epitaxial  multilayers  with 
high-quality  mirror  substrates.  Our  innovative  coating  technology  entails  the  selective  removal  of 
crystalline  films  from  the  original  growth  wafer,  followed  by  direct  bonding  to  an  arbitrary 
(curved  or  planar)  optical  component.  Recently,  these  “crystalline  coatings”  have  demonstrated 
an  exceptionally  low  mechanical  loss  angle  of  0(4)xl0-5,  a  tenfold  reduction  when  compared 
with  the  best  dielectric  multilayers  at  room  temperature  [2]. 

Previously,  our  GaAs/AlGaAs  multilayers  exhibited  typical  excess  losses  (scatter  +  absorption) 
at  the  -20  ppm  level.  With  a  focused  effort  on  minimizing  the  background  impurity  level  of  the 
constituent  films,  we  can  now  achieve  an  optical  absorption  level  below  1  ppm  in  the  near 
infrared,  between  1000-1600  nm.  Moreover,  by  improving  the  quality  of  the  substrate-transfer 
process,  we  have  minimized  optical  scatter  losses,  reaching  limiting  levels  of  ~3  ppm  in  the  same 
wavelength  range.  These  advancements  promise  to  accelerate  the  uptake  of  our  coatings  into  the 
precision  measurement  application  space,  where  the  simultaneous  achievement  of  high  optical 
and  mechanical  quality  is  paramount. 

In  Figure  1  we  present  the  optical  performance  of  crystalline-coated  cavity  end  mirrors, 
consisting  of  38.5-period  (9. 50- um  thick)  AlGaAs  multilayers,  with  a  center  wavelength  of  1550 
nm,  directly-bonded  to  super-polished  fused  silica  substrates  (targeting  room  temperature  cavity 
applications).  Position-dependent  optical  ringdown  measurements  made  by  our  partners  at  JILA 
and  Stable  Laser  Systems  in  Boulder,  CO  yield  excess  loss  levels,  in  the  best  samples,  down  to  3 
ppm.  With  a  nominal  transmission  of  10  ppm,  these  coatings  are  capable  of  finesse  values 
exceeding  2xl05,  while  a  reduction  in  transmission  to  5  ppm  would  enable  a  cavity  finesse 
approaching  4xl05.  We  expect  further  reductions  in  the  overall  losses  at  cryogenic  temperatures, 
where  carrier  freeze  out  results  minimizes  impurity  driven  optical  absorption  processes  [3]. 
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Fig.  1:  Position-dependent 
ringdown  of  a  1550  nm 
crystalline  coating.  Six 
discrete  positions  are  probed 
in  a  75-mm  cavity  using  a 
dielectric  mirror  as  the  input 
coupler,  yielding  excess  losses 
<  5  ppm.  Measurements 
performed  by  Wei  Zhang  and 
Lindsay  Sonderhouse  of  JILA, 
at  Stable  Laser  Systems  in 
Boulder,  CO 
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Update  2.  Development  of  a  high  reliability  and  high-yield  AlGaAs-on-Si  bonding  process 

CMS  has  recently  made  significant  strides  in  enhancing  the  yield  and  reliability  achievable  in  the 
production  of  AlGaAs-on-Si  cryogenic  crystalline  coatings.  Such  coatings  will  be  instrumental 
for  the  development  of  record  narrow-linewidth  laser  systems,  building  upon  the  recent 
demonstration  of  a  cryogenic  optical  cavity  employing  single-crystal  silicon  (SCS)  substrates 
and  spacer  material  [4].  Assuming  the  post-bond  mechanical  loss  matches  that  previously 
observed  in  microfabricated  AlGaAs  optomechanical  resonators  [5],  we  expect  a  further  tenfold 
reduction  in  the  mechanical  loss  angle,  to  values  below  5X1CT6.  Combining  these  ultralow-loss 
crystalline  end  mirrors  with  a  compact  40-mm  long  Si  spacer,  we  would  then  expect  to  achieve  a 
frequency  instability  at  the  lxlO’17  level  (after  1  s  averaging)  for  operation  at  18  K. 

As  described  in  our  previous  report  (Deliverable  000 1AA),  over  the  course  of  the  last  year  we 
have  been  working  in  a  new  cleanroom,  namely  the  UC  Santa  Barbara  nano  fabrication  facility, 
and  with  upgraded  bond  tooling,  the  latter  being  developed  together  with  strategic  partners  at  EV 
Group,  St.  Florian  am  Inn,  Austria.  With  these  advancements,  we  can  now  reliably  produce 
small- volume  production  runs  of  approximately  10  bonded  mirror  assemblies  per  week  on 
standard  fused  silica  substrates  for  room  temperature  cavity  applications.  To  realize  the  final 
deliverables  for  this  effort,  targeting  the  performance  levels  outlined  above,  we  will  ultimately 
require  reliable  and  high-performance  cryogenic  cavity  end  mirrors  transferred  to  super-polished 
SCS  substrates. 

With  our  standard  fabrication  process  for  AlGaAs-on-silica  substrates  optimized,  we  have  now 
turned  our  attention  to  the  development  of  a  reliable  AlGaAs-on-Si  transfer  process.  Along  these 
lines,  we  have  recently  made  a  number  of  key  advancements  in  this  direction,  both  in  terms  of 
the  theoretical  understanding  of  the  bond  strength  requirements  for  such  a  material  combination 
under  these  extreme  operating  conditions,  as  well  as  towards  the  production  of  prototype 
cryogenic  end  mirrors.  During  this  reporting  period  a  test  run  was  undertaken,  producing  a 
number  of  variants  of  cryogenic  crystalline  coatings.  The  completed  samples  were  thermally 
cycled  from  room  to  elevated  temperatures  (approaching  a  maximum  temperature  of  600  K,  in 
steps  of  50  K)  in  order  to  gauge  the  maximum  thermal  strain  that  the  bonded  interface  could 
accommodate.  The  production  process  that  yielded  samples  surviving  to  the  highest  temperatures 
was  then  used  to  prepare  two  test  chips  for  cryogenic  cycling  experiments.  These  tests  were 
carried  out  in  the  Quantum  Opto  mechanics  Laboratory  at  the  University  of  Vienna. 
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Figure  2.  Photographs  of  optimized  AlGaAs-on-Si  prototype  mirror  assemblies.  The  images  show:  a)  two  1  cm2 
bonded  mirrors  consisting  of  8-mm  diameter  high-reflectivity  GaAs/AlGaAs  multilayers  on  0.5-mm  thick  Si  chips 
before  loading  into  the  cryostat.  Note  that  each  substrate-transferred  mirror  structure  has  a  small  lithographically 
defined  flat  to  indicate  the  orientation  of  the  crystalline  coating,  b)  Photographs  of  the  samples  after  exposure  to  the 
cryostat  base  temperature.  In  this  case  the  continuous  flow  4He  system  was  capable  of  reaching  temperatures  <10  K. 
These  samples  were  subjected  to  three  thermal  cycles  between  300  K  and  <10  K  and  showed  no  signs  of 
delamination.  Thermal  cycling  experiment  performed  by  Christoph  Deutsch,  CMS  GmbH. 


Preliminary  work  shows  that,  with  this  optimized  fabrication  procedure,  the  production  of  high- 
reliability  cryogenic  crystalline  coatings  is  indeed  feasible.  In  Figure  2  we  include  photos  of  two 
test  structures  consisting  of  high-reflectivity  GaAs/AlGaAs  multilayers  transferred  to  SCS 
substrates.  We  have  now  realized  high-quality  and  high-reliability  crystalline  coatings  on  SCS 
exhibiting  no  degradation  following  three  thermal  cycles  from  300  K  to  <10  K.  It  is  important  to 
note  that  this  process  is  a  direct  extension  of  that  used  to  produce  our  standard  room  temperature 
optics  and  utilizes  the  same  basic  tooling  and  unit  process  steps.  Thus,  we  anticipate  (and  so  far 
see)  no  additional  manufacturing  difficulties,  with  a  typical  yield  of  around  50%  for  small 
production  volumes  (at  the  10  unit  per  week  level).  We  are  now  waiting  on  our  partners  at  JILA 
and  SLS  to  supply  us  with  SCS  substrates  that  we  will  use  to  produce  the  first  cryogenic  cavity 
end  mirrors  with  ultralow  loss  crystalline  coatings. 
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